















Published for SISSA by Springer
Received: September 30, 2016
Revised: January 6, 2017
Accepted: January 19, 2017
Published: January 31, 2017
Non-standard interactions with high-energy
atmospheric neutrinos at IceCube
Jordi Salvado, Olga Mena, Sergio Palomares-Ruiz and Nuria Rius
Instituto de Fsica Corpuscular (IFIC), CSIC-Universitat de Valencia,
Apartado de Correos 22085, E-46071 Valencia, Spain
E-mail: jsalvado@ific.uv.es, omena@ific.uv.es, sergiopr@ific.uv.es,
nuria.rius@ific.uv.es
Abstract: Non-standard interactions in the propagation of neutrinos in matter can lead to
signicant deviations from expectations within the standard neutrino oscillation framework
and atmospheric neutrino detectors have been considered to set constraints. However,
most previous works have focused on relatively low-energy atmospheric neutrino data.
Here, we consider the one-year high-energy through-going muon data in IceCube, which
has been already used to search for light sterile neutrinos, to constrain new interactions
in the  -sector. In our analysis we include several systematic uncertainties on both, the
atmospheric neutrino ux and on the detector properties, which are accounted for via
nuisance parameters. After considering dierent primary cosmic-ray spectra and hadronic
interaction models, we improve over previous analysis by using the latest data and showing
that systematics currently aect very little the bound on the o-diagonal " , with the 90%
credible interval given by  6:0 10 3 < " < 5:4 10 3, comparable to previous results.
In addition, we also estimate the expected sensitivity after 10 years of collected data in
IceCube and study the precision at which non-standard parameters could be determined
for the case of " near its current bound.
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1 Introduction
Neutrino oscillations have been robustly established over the past decades and this has
been deservedly awarded during the last years. From neutrino oscillation experiments we
know neutrinos have mass, which implies the rst departure from the Standard Model (SM)
of particle physics. Oscillation data provide information on the mixing angles and on the
mass squared dierences, which are, in the minimal and largely successful three-neutrino
scenario, the solar mass splitting (m212 ' 7:510 5 eV2) and the atmospheric mass split-
ting (jm223j ' 2:510 3 eV2) [1{3]. Despite the enormous observational success achieved
in constraining the leptonic mixing sector, there are still some unknowns in the neutrino
mixing picture. Namely, the sign of the largest mass splitting remains unknown, as well as
the octant of the mixing angle 23 and the possible existence of leptonic CP violation. Neu-
trino physics has already entered into the high-precision measurements era and subleading
eects due to exotic couplings, aecting neutrino production, propagation and/or detec-
tion processes, may also appear in the neutrino sector [4]. These, so-called, non-standard
interactions (NSI) have been subject of extensive work in the past years (for recent re-
views see, e.g., refs. [5, 6]), both from a pure theoretical perspective (see, e.g., refs. [7{9])
and with more phenomenological approaches, constraining their relative size with dierent
experimental setups (see, e.g., refs. [10{26]). Although constructing (SU(2)LU(1)Y gauge-
invariant) models with large neutrino NSI and consistent with all current experimental con-
straints, mainly from charged-lepton avor-violating processes, requires a certain amount of
ne-tuning [9], they cannot be completely excluded. Therefore, from the phenomenological
point of view, it is worth to exploit all available data to constrain neutrino NSI.
The relative size of NSI with respect to standard neutrino oscillations depends on

















with respect to standard (vacuum) neutrino oscillations. At intermediate energies, O(1 
10) GeV, NSI can interfere with the standard matter potential and vacuum oscillation
terms, modifying the neutrino propagation through the Earth. At higher energies, NSI
eects may dominate. Notice, however, that such an energy dependence is dierent if the
NSI are due to light mediators (see, for instance, refs. [27, 28]). In this case the eects
depend on the high-energy, gauge-invariant, completion of each scenario. We will not
consider this possibility, since our analysis is based on model-independent four-fermion
eective operators, that we assume to be generated above the electroweak scale.
Therefore, exploiting the NSI energy dependence over a large range of energies and
baselines seems a promising way of constraining these new potential neutrino interactions.
As the presence of the NSI aects neutrino propagation in a medium, having a large range
of available neutrino baselines crossing the Earth would help enormously in disentangling
standard oscillations from NSI. Thus, atmospheric neutrinos provide a unique and ideal tool
to test and constrain the size of NSI eects [29{50], as their spectrum covers a huge energy
range ( 0:1 105 GeV) and, depending on their arrival direction, they may travel distances
across the Earth ranging from tens to several thousands kilometers. Most works in the lit-
erature have focused on the capabilities of past and current [31{39, 41, 44{46, 48, 49] or
future detectors [40{43, 45, 47, 50] using atmospheric neutrino events in the O(10 GeV) en-
ergy range, where interference eects may take place. In particular, the Super-Kamiokande
(SK) collaboration (exploiting the sub-GeV, multi-GeV, stopping and through-going muon
samples) obtained the most stringent bounds on the diagonal and o-diagonal NSI param-
eters in the  -sector [39, 46] and recently, the IceCube Collaboration has also presented
a preliminary analysis [49] using the DeepCore three-year muon disappearance result [51],
with slightly more restrictive limits than SK.
With the development of neutrino observatories, NSI searches via atmospheric neutrino
uxes benet from larger detector sizes (and consequently, larger atmospheric neutrino
event samples) and major improvements in energy reconstruction at neutrino energies
above O(10 GeV), and up to O(10 PeV), although they have higher energy thresholds.
This has been the main goal of refs. [40, 41, 43, 44, 48, 49], where the ice Cerenkov IceCube
neutrino observatory and/or its low energy extensions, the DeepCore or the future PINGU
detectors, have been considered as the ideal targets where to test neutrino NSI, exploiting
atmospheric neutrino uxes. On the other hand, although at high-energies the standard
neutrino oscillation phase, which is inversely proportional to the neutrino energy, is very
small, in the presence of NSI, oscillations are not suppressed with energy and they only
depend on the baseline. The data from the 79-string conguration in IceCube [52] was
used to set constraints on NSI in ref. [41].
Here we perform an analysis of the NSI eects on the propagation of high-energy at-
mospheric neutrinos by considering the publicly available IceCube one-year upgoing muon
sample [53], referred to as IC86 (IceCube 86-string conguration), which contains 20145
muons detected over a live time of 343.7 days. We focus on the high-energy region of
the atmospheric neutrino spectrum, and thus our results are complementary to those of
previous analyses of IceCube data [41, 48, 49], some of them dealing exclusively with the

















order to perform the analysis, we use the public IceCube Monte Carlo1 that models the
detector realistically and allows us to relate physical quantities, as the neutrino energy and
direction, to observables, as the reconstructed muon energy and zenith angle. To account
for some possible systematic uncertainties on the atmospheric neutrino ux, neutrino pa-
rameters and detector properties, we also include a number of nuisance parameters. We
obtain the most up-to-date limits on the o-diagonal NSI parameter " and show they
currently depend very little on the systematic uncertainties. Finally, we also present a
forecast of the sensitivity to NSI from future high-energy atmospheric neutrino data. We
simulate 10 years of collected data in IceCube and assess how the bounds would improve
and how well the presence of NSI could be determined, in case they exist.
The paper is organized as follows. In section 2 we briey review the NSI formalism
relevant for the data we consider, i.e., for high-energy atmospheric neutrinos crossing the
Earth, and describe the main features of the NSI eects. Then, in section 3 we describe the
data we use and explicitly show the potential eects of NSI on this type of observations. In
section 4, we rst describe the likelihood and the dierent systematic uncertainties included
in the analysis, presenting then the current bounds on NSI using the one-year through-going
muon IceCube data. We nish that section by discussing the prospects for future limits
with improved statistics (10 years of data) and we summarize our ndings in section 5.
2 Formalism
We consider neutrino NSI that are generated by new physics above the electroweak scale, so
that at low center-of-mass energies, E  mW (or, equivalently, E  mX , where mX is the
mass of the heavy mediator), they can be described via model-independent four-fermion












), P = fL;Rg (with
L and R the left and right chirality projectors) and f is any SM fermion, as well as of
charged-current (CC) type [4, 54],













Pq0) + h:c: ; (2.3)
where "P and "
qq0P
 are the leptonic and hadronic CC NSI parameters (for the leptonic
case,  =  corresponds to NC NSI), ` is a charged lepton of avor , q is a down-type
quark and q0 an up-type quark. In what follows, we neglect possible CP violation in the
new interactions (this has been considered in dierent contexts [14, 35, 38, 54, 55, 55{81]),




 to be real.
In the literature, NC NSI are frequently called matter NSI, since they modify neutrino


















NSI. Moreover, given that the neutrino avor is always tagged through the avor of the
charged lepton associated with it, in the presence of CC NSI the neutrino avor basis is not
well-dened [4, 54], since the neutrino detected or produced in association with a charged
lepton does not necessarily share its avor. In this case, avor conversion is present at the
interaction level, and the standard oscillation formulae become more cumbersome [54, 56].
Model-independent bounds on both, NC and CC NSI have been derived in ref. [20], where
it was found that, in general, the limits on production and detection NSI are one order of
magnitude more stringent than those on matter NSI. Model-dependent bounds in several
new physics scenarios [4, 54] also indicate that constraints on CC NSI are typically much
more stringent. Therefore, we shall neglect CC NSI and concentrate only on NC NSI in
the following.
The standard evolution Hamiltonian for neutrinos includes the coherent forward scat-
tering on fermions of the type f , +f !  +f , given by the matter interaction potential
(dened in eq. (2.5) below), which aects neutrino oscillations. However, neutrinos propa-
gating through the Earth can also interact inelastically with matter, either via CC or NC
processes. As the neutrino-nucleon cross section increases with energy, for energies above
TeV, the neutrino ux gets attenuated [82, 83]. Whereas in the case of e's and 's, the
neutrino ux is absorbed via CC interactions and redistributed (degraded in energy) via
NC interactions [84], in the case of  's, there is another eect. Unlike what happens for e
and  CC interactions, where charged leptons are quickly brought to rest and do not con-
tribute to the high-energy neutrino ux, the tau leptons produced after  CC interactions
can decay before being stopped, so  's are not absorbed, but the ux gets regenerated (at
lower energies) [85{91]. Thus, for each  which is absorbed via CC interactions, another
 with lower energy is produced, and the Earth does not become opaque to high-energy
 's. In addition, secondary e's and 's are also produced after tau leptons decay into
leptonic channels [92, 93]. For high-energy neutrinos, oscillation, attenuation and regen-
eration eects occur simultaneously when they travel across the Earth, and the evolution
equations should, in principle, include them. Notice that conventional neutrino oscillation
analyses do not take into account attenuation and regeneration eects, which is a good
approximation, provided the energy of the detected neutrinos is low enough. Neverthe-
less, this is not the case for the high-energy IceCube sample of atmospheric neutrinos we
consider in this work, for which attenuation needs to be included. On the contrary, for
atmospheric neutrinos, the eects of  regeneration and production of secondary e and
 uxes are very small. The explanation is two fold. On one hand,  's are very rarely
produced after cosmic-ray interactions in the atmosphere, and therefore the atmospheric 
ux is negligible. On the other hand, these eects are only relevant for very hard spectra.
Therefore, for the sake of computational time, we shall not include  regeneration in this
study, which nevertheless implies negligible corrections.
In what follows, we use the density matrix, (E ; x) = (E ; x)
(E ; x)y, formalism,
where E is the neutrino energy and x the path variable. In the case of neglecting neutrino





































where  is the  projector, (E ; x) = 1=[nN (x)
tot
 (E)] is the attenuation length
of , with nN (x) the nucleon number density in the Earth
2 and tot (E) the  total
(CC+NC) cross section, and dNC=dE is the dierential NC cross section. The rst term
on the right-hand side represents neutrino oscillations, the second term neutrino absorption
and the third term the redistribution of the ux due to NC interactions.
In the presence of NSI, the eective Hamiltonian that controls neutrino propagation
in matter can be written as
H(E ; x) =
1
2E









ij  m2i  m2j
the neutrino mass square dierences and Ve(x) =
p
2GF ne(x) corresponds to the standard
neutrino avor potential in matter, with ne(x) the electron number density. The eect of
NSI is encoded in the last term of eq. (2.5), where Vf (x) =
p
2GF nf (x), with nf (x) the
number density of fermion f , and "fV is the matrix in lepton avor space that contains




 . As in the case
of SM interactions, the matter term for antineutrinos changes sign and one has to make
the substitution Vf !  Vf (and U ! U). On the other hand, it is convenient to dene
eective NSI parameters for a given medium (from now on we omit for simplicity the x
dependence of the number densities) by normalizing the fermion number density, nf , to










fV  Ve r " = Vd ", and r = nd=ne. For the Earth, nn  np and therefore,
r  3.
Given the current constraints on the electron neutrino NSI parameters "e, and, for
energies above the resonance in the 13-sector (E & 20 GeV), one of the mass eigenstates
(mostly e or e) decouples from the other two states. Therefore, the e !  transition
does not aect the IceCube events as it is strongly suppressed and moreover, the initial
atmospheric e and e uxes are much smaller than the  and  uxes. Thus, we can ap-
proximately describe the evolution of the system as that of a two-neutrino system, focusing
on the 23-block of the evolution Hamiltonian, eq. (2.5). Recall that neutrino oscillations
are only sensitive to the dierence in the diagonal eective parameters, i.e., "0 = "   ",
which modies the oscillation probability due a change of the eective matter density felt by
2In general, one has to include all possible targets, as electrons, but at the energies of interest in this

















neutrinos, while the o-diagonal term, " , shifts the eective mixing angle in the medium.
The diagonal parameter "0 characterizes the lack of universality of NC in the  -sector,
and the o-diagonal " quanties the strength of avor changes in NC interactions.
Before discussing the main features of the transition probabilities at high energies, we
would like to point out that the eects of NSI in high-energy atmospheric neutrinos in
IceCube dier from the standard approach at lower energies in two ways:
1) Usually, only NSI of neutrinos with quarks and leptons of the rst generation can
be bounded, via the Vf "
fV contributions to the matter Hamiltonian and via the
"udV contributions to CC interactions with pions and nucleons, in addition to the
"eV contributions at production via muon decay. However, very energetic neutrinos
(E &TeV) can see the strange quark contribution inside nucleons, since for such
high energies the strange quark parton distribution function is not negligible. As
a consequence, there is an eective energy dependence of production and detection
NSI terms (if NSI do not aect all quark avors with the same strength) through the
dierent contribution of the corresponding parton distribution at dierent energies.
As mentioned above, here we do not consider CC NSI and, as done in the literature,
we assume the NC NSI parameters to be equal for all quarks inside the nucleons.
Relaxing these assumptions, IceCube data could also be used to bound strange quark
CC NSI with neutrinos, by properly taking into account the energy dependence of
the s quark contribution to the parton distribution functions.
2) Matter NSI could also modify the total inelastic scattering cross section, by altering
the NC cross section, and thus, the absorption term in eq. (2.4). Attenuation is
negligible at low energies, but it is relevant for the high-energy IceCube neutrinos,
so there could be some sensitivity to the presence of NSI. However, CC interactions
are  2.4 times larger than the NC cross sections [82, 83], so the latter dominate the
absorption term and the eect of NC NSI can be safely neglected. Moreover, CC NSI
could also be present, but for the values of the CC NSI parameters currently allowed,
the NSI eects on attenuation would be very small, implying corrections to the results
presented in this work below the percent level. On the other hand, by modifying the
NC cross section, NSI would also alter the degradation in energy of the neutrino ux
while crossing the Earth. Given the fact that for atmospheric neutrinos this eect is
subdominant, we also neglect the NSI correction on the last term of eq. (2.4).
In our calculations, we solve numerically the full three-neutrino evolution equation,
using the values of the neutrino mixing parameters from ref. [3] assuming normal hierarchy
and including the eects mentioned above. To compute the neutrino propagation through
the Earth, we use the publicly available libraries SQuIDS and -SQuIDS [95, 96] in the
Trunk version found in the repositories [97, 98]. Nevertheless, in order to understand the
eects of the diagonal ("0) and o-diagonal (" ) NSI parameters in the energy range we
consider, it is interesting to note that, for atmospheric neutrinos, the interplay of neutrino

















suppression in the oscillated uxes, i.e.,
(E ; z) = 
0








where 0 is the atmospheric  (or ) ux before entering the Earth and L(z) is the
baseline across the Earth in a direction with zenith angle z. In this way, it is illustrative
to study analytically the oscillation probabilities in the approximation of constant matter
density (assuming constant NSI parameters), i.e., the solution of the evolution equation ne-
glecting attenuation and energy degradation, regeneration and secondary production (see
ref. [41] for a detailed discussion) and for constant density. In this case, the two-neutrino
oscillation probability after propagating over a distance L, P ( !  ) = 1  Trfg, is
given by [35, 99]








R2 = 1 +R20 + 2R0 cos 2(23   ) ; (2.9)
sin2 2mat =


















4 "2 + "
02
: (2.13)
For the energies we consider in this work (E > 100 GeV), neutrino oscillations in
vacuum are suppressed for baselines comparable to or smaller than the Earth diameter,
vac  m231L=4E  1. Therefore, in the case in which the vacuum and matter terms
in the oscillation phase are of the same order of magnitude, i.e., R0 = O(1), the transition
probability approximately reads











Considering normal hierarchy, for neutrinos (R0 sin 2 > 0) this probability is enhanced and
thus, the  ux is suppressed with respect to the case without NSI (vacuum oscillations,
R0 sin 2 = 0), whereas for antineutrinos (R0 sin 2 < 0) it is the other way around.
It is interesting to note that in Cerenkov detectors like IceCube, neutrinos cannot be
distinguished from antineutrinos, so this eect tends to partially cancel out, as we will
see below. These dierences can be clearly seen for neutrino energies E = O(100 GeV)








































εµτ = 0.006 for ν
εµτ = 0 for ν
εµτ = 0.006 for ν¯
εµτ = 0 for ν¯































εµτ = 0.006 for ν
εµτ = 0.003 for ν
εµτ = 0.006 for ν¯
εµτ = 0.003 for ν¯
Figure 1. Left panel: comparison of the ratios of propagated to unpropagated atmospheric 
(solid lines) and  (dashed lines) uxes for values of the NSI o-diagonal parameter " = 0:006
(thick red lines) and " = 0 (thin green lines). Right panel: comparison of the ratios of atmospheric
 (solid lines) and  (dashed lines) uxes at the detector (after propagation) with NSI to those
without NSI, for " = 0:003 (thin blue lines) and 0.006 (thick red lines). In both panels, the ratios
are shown for cos z =  1 and we have chosen "0 = 0. For illustration, we show the gray area, which
corresponds to the energy interval that produced 90% of the events in the entire sample considered
here in the absence of NSI eects.
Earth with and without NSI. This regime corresponds to the low-energy part of the event
sample we consider, as illustrated by the gray area in both panels, which represents the
energy interval that produced 90% of the events in the entire sample assuming no NSI (5%
upper cut and 5% lower cut). Notice that in this section we use true neutrino energies and
zenith angles, whereas the IceCube events are described by reconstructed variables which
dier from the true ones, mainly in the case of the reconstructed energy, which is always
smaller than the true neutrino energy.
In the left panel of gure 1, we plot the ratio of the propagated to unpropagated
atmospheric  (solid lines) and  (dashed lines) uxes with (thick red lines) and without
(thin green lines) NSI, whereas in the right panel, we show the ratios of atmospheric 
and  uxes at the detector (after propagation) with NSI to those without NSI. In the
left panel we show the case of " = 0:006 (thick red lines) and no NSI, " = 0, (thin
green lines) and in the right panel we depict the ratios for two representative values of
the NSI o-diagonal parameter " = 0:003 (thin blue lines) and 0.006 (thick red lines).
In both panels, we consider muon neutrinos and antineutrinos traversing the entire Earth,
cos z =  1, and we have set "0 = 0 (sin2 2 = 1). In the left panel, in addition to the eect
of oscillations at low energies (even without NSI), we can clearly see the eect of attenuation
(and the subdominant degradation in energy via NC interactions) at higher energies. These
curves approximately represent the product of the oscillation and attenuation terms in the
right-hand side of eq. (2.7). The dierences between the neutrino and antineutrino results
are two fold: at low energies the oscillation probabilities and, at all energies in the plot,
the total cross sections, and thus, the attenuation factors, are dierent for neutrinos and




















































































Figure 2. Left panel: ratio of propagated to unpropagated atmospheric  uxes as a function
of the neutrino energy and the zenith angle. Right panel: ratio of atmospheric  uxes at the
detector (after propagation) with NSI to those without NSI. In both panels we choose the NSI
o-diagonal parameter to be " = 0:006 and the diagonal parameter to be "
0 = 0. We also show
two gray lines, which bound the energy interval in which 90% of the events in the entire sample (
assuming no NSI) are produced.
which approximately represents the ratio of the survival probabilities with and without
NSI. Note that, at rst order, the transition probability for energies E = O(100 GeV),
eq. (2.14), is independent of "0 and thus, there is little sensitivity to the diagonal NSI
parameter. In the limit of "0  " (sin 2 ' 0), at high energies, vacuum mimicking is
realized [100], but the oscillation phase is suppressed. Hence, there is signicantly more
sensitivity to "0 for E < 100 GeV [22, 31{38, 40{45, 47, 50].
On the other hand, in the high-energy limit, the matter term dominates over vacuum
oscillations, i.e., mat  vac or R0  1. In this regime, the two-neutrino oscillation
probability, eq. (2.8), is approximately given by















4 "2 + "
02 ; (2.16)
with R the radius of the Earth. Then, for mat  1, the transition probability




2mat = (" Vd L)
2 (2.17)
is proportional to "2 and becomes independent of "
0 [101], and the same result holds for
antineutrinos. This is also clearly seen in the high-energy regime shown in the right panel
of gure 1, where one can see that the neutrino and antineutrino ratios of (approximately)
oscillation probabilities coincide. As a consequence, the high-energy IceCube atmospheric
neutrino sample cannot signicantly constrain the diagonal NSI parameter "0, so in our
analysis we use information on "0 based on the SK limits [39] (see below), obtained from


















































































Figure 3. Left panel: dierence of the expected number of events (from neutrinos and antineutri-
nos) between the case of " = 0:006 and " = 0, as a function of reconstructed energy and zenith
angle. Right panel: statistical pulls as a function of reconstructed energy and zenith angle for the
same set of parameters. In both panels we set "0 = 0.
Finally, in gure 2, in addition to the energy dependence, we also show the dependence
on the zenith angle of the ratios depicted in gure 1. The eect of NSI in the neutrino
propagation through the Earth is illustrated for " = 0:006 and "
0 = 0. In the left panel,
analogously to the left panel of gure 1, we show the ratio between the initial atmospheric
 ux and the  ux in the detector. In the right panel, we isolate the eect produced
by the NSI on the oscillation probabilities, as in the right panel of gure 1, displaying the
ratio between the nal uxes for " = 0:006 and " = 0:, i.e., with and without NSI.
Note that the left vertical axis (cos z =  1) in both panels corresponds to the red solid
lines in both panels of gure 1. We clearly see the well-known eects of attenuation that
shift to higher energies for more horizontal trajectories (left panel) and the NSI-induced
oscillations of the atmospheric  ux, which represent a ux suppression that, at high
energies, only depends on the zenith angle (right panel).
3 Data description
The IceCube data we consider in this paper is the same sample used to search for light ster-
ile neutrino signatures [53]. It contains 20145 events detected during 343.7 days of live data
in the period 2011-2012 using the full IceCube 86-string conguration. These events corre-
spond to upgoing neutrinos from the Northern hemisphere, which are dominantly produced
by atmospheric  and  CC interactions with nucleons of the material surrounding the
detector, the so-called through-going muon tracks. The contamination from other sources
is found to be below the 0.1% level [53]. The reconstructed muon energies in the detector
of this sample lie in the range Erec ' (300 GeV 20 TeV) and the neutrino energies mostly
contributing to these events are indicated by the gray bands (lines) in gure 1 (gure 2).
Through-going track events are produced after  and  CC interactions produce
muons outside the instrumented volume, that traverse the detector while depositing energy

















direction of the parent neutrino, which is reconstructed with very good angular resolution
(within one degree or better, i.e., cos z ' 0:005 0:015 [53]). On the other hand, due to ra-
diative losses, the fact that the position of the interaction vertex is unknown implies a large
uncertainty in the estimation of the initial muon energy, which in turn is always smaller than
the incoming neutrino energy. The muon energy when entering the detector is estimated
based on the energy losses along the track [102] with a resolution of log(E=GeV)  0:5 [53].
For our analysis, we use the high-statistics Monte Carlo released by the IceCube col-
laboration along with the data, which allows us to relate the true variables (neutrino energy
and direction) to the reconstructed observables (deposited energy and track zenith angle)
and to do a realistic treatment of the detector systematic uncertainties, which are described
below.
In order to understand the dierent features in the neutrino propagation induced by
the NSI eects, and discussed in detail in previous sections, we simulate 1000 realizations
of mock data corresponding to one year of observation. In the left panel of gure 3, we
show the expected dierence in the number of events between the hypotheses without NSI
(" = "
0 = 0) and that in which NSI are included, with " = 0:006 (and "0 = 0), as a
function of the reconstructed muon energy Erec and zenith angle 
rec
z . It is clear from that
panel that the largest dierences in the expected number of events with and without NSI
occur for neutrinos crossing the core of the Earth with energies TeV.
Although gure 3 clearly illustrates the region in the parameter space which is sensitive
to the NSI eects, we also quantify it statistically by dening a Poisson likelihood for each









where hN simi i (N simi ) refers to the average over all realizations of the number of simu-
lated events (number of simulated events for an individual realization) in the i-th bin.
On the right panel of gure 3, we show the expected average over all realizations of the
log-likelihood dierence between the null (assuming no NSI) and the NSI hypotheses (for
" = 0:006 and "
0 = 0). Notice that the two panels of gure 3 look very similar, which
indicates that the impact of NSI is what pulls the statistical signicance, rather than
the higher statistics around the horizon, with shows a negligible dependence on NSI ef-
fects. Therefore, as already anticipated, the most sensitive region in the reconstructed
variables is that corresponding to neutrinos that travel through the core of the Earth, i.e.,
cos recz .  0:8, with reconstructed energies for which the data sample has the higher statis-
tics, i.e., Erec  O(TeV). This is expected, as the NSI eects turn out to be approximately
energy independent.
Indeed, this energy independence can be clearly noticed from the results shown in
the right panel of gure 4, where we depict the ratio of neutrino plus antineutrino events
including NSI (" = 0:006 and "
0 = 0) to the number of events without NSI (i.e., with " =
0 and "0 = 0). In analogy to the right panel of gure 1, in gure 4, we also show the ratios


















































































































Figure 4. Left panel: ratio of the number of events produced by neutrinos including NSI (" =
0:006 and "0 = 0) to that without NSI (" = 0 and "0 = 0), as a function of the reconstructed
muon energy and zenith angle. Middle panel: same but for antineutrinos. Right panel: same but
for the total number of events, i.e., neutrino plus antineutrino events.
and "0 = 0) to either neutrino or antineutrino events without NSI (" = 0 and "0 = 0).
As expected, when NSI are at play, the ratio of events grows with energy for neutrinos
and decreases with energy for antineutrinos in a very similar manner, and, consequently,
once these two contributions are summed up (representing the measurable quantity in the
IceCube neutrino telescope), their energy dependence approximately cancels out.
4 Results
In this section we describe the results arising from our analyses. Firstly, we describe the
dierent ingredients that enter into the denition of the likelihood and then we show the
results obtained with the current one-year through-going muon IceCube data [53]. Finally,
we also perform forecast analyses with 10 years of simulated data considering two dierent
hypotheses, with or without NSI.
4.1 Analysis methodology
Our analyses include several nuisance parameters that take into account systematic uncer-
tainties in the atmospheric neutrino ux, in the neutrino parameters and in the detector
properties. We include nuisance parameters for the normalization of the atmospheric neu-
trino ux, N , for the pion-to-kaon ratio in the atmospheric neutrino ux, =K, and for
the spectral index of the atmospheric neutrino spectrum, . Furthermore, we include a
nuisance parameter that accounts for uncertainties in the eciency of the digital optical
modules of the detector, DOMe . As for the neutrino parameters, we also take into ac-
count the current uncertainties in m231 and 23. In addition, other potentially important
systematic errors come from uncertainties in the primary cosmic-ray ux and the hadronic
interaction models. Our default choice for most of the results presented below is the
combined Honda-Gaisser model and Gaisser-Hillas H3a correction (HG-GH-H3a) for the
primary cosmic-ray ux [103] and the QGSJET-II-4 hadronic model [104], although we also
consider the Zatsepin-Sokolskaya (ZS) ux [105] and the SIBYILL2.3 hadronic model [106].
The uncertainty on the ux normalization represents an overall normalization of the

















Parameter Default value Range Prior Description
" 0.006 [ 1; 1] Flat NSI avor o-diagonal term
"0 0 [ 1; 1] Gaussian:  = 0:04 NSI avor diagonal term
N 1 [0:5; 2:0] Flat Normalization of the energy spectrum
=K 1 [0:7; 1:5] Gaussian:  = 0:10 Pion-to-kaon ratio contribution
 0 [ 0:2; 0:2] Gaussian:  = 0:05 Tilt of the energy spectrum
DOMe 0.99 [0:90; 1:19] Flat Optical eciency
m231=10
 3 [eV2] 2.484 [2:3; 2:7] Gaussian:  = 0:048 Atmospheric mass square dierence
23 [
] 49.3 [43:0; 54:4] Gaussian:  = 1:7 Atmospheric mixing angle
Table 1. Parameters, default values for plots (using the HG-GH-H3a primary cosmic-ray ux and
the QGSJET-II-4 hadronic model), their range of variation and priors (at or Gaussian) for the
dierent systematics considered in our statistical analysis.
HG-GH-H3a HG-GH-H3a ZS ZS
+ QGSJET-II-4 + SIBYLL2.3 + QGSJET-II-4 + SIBYLL2.3
Parameter Mean Std. dev. Mean Std. dev. Mean Std. dev. Mean Std. dev.
" -0.0004 0.0034 0.0001 0.0035 -0.0005 0.0036 -0.0002 0.0035
"0 0.000 0.047 -0.003 0.045 0.002 0.046 0.001 0.046
N 1.013 0.056 0.911 0.051 1.257 0.066 1.123 0.063
=K 1.078 0.084 1.059 0.080 1.073 0.080 1.067 0.083
 -0.050 0.013 -0.092 0.013 0.066 0.012 0.102 0.012
DOMe 0.9869 0.0064 0.9863 0.0061 0.9910 0.0061 0.9885 0.0058
m231=10
 3 [eV2] 2.484 0.046 2.485 0.047 2.487 0.044 2.480 0.043
23 [
] 49.3 1.8 49.3 1.7 49.3 1.7 49.2 1.7
Table 2. Mean value and standard deviation for the parameters and systematics of this analysis,
for each of the four combinations of primary cosmic-ray ux and hadronic models.
freely within a factor of 2 (larger than current uncertainties [107, 108]) of the central value.
It is important to t this parameter because it can be signicantly dierent from one,
mainly for the ZS primary cosmic-ray ux. The pion-to-kaon ratio aects the relative
contribution to the neutrino ux from pion or kaon decays. A larger value =K implies a
softer spectrum, as the neutrino ux from kaon decays is harder. We use =K normalized to
one and consider a Gaussian prior of 10%. The uncertainty on the spectral index represents
a tilt in the energy spectrum of the atmospheric neutrino ux with a pivot energy near
the median of the neutrino energy distribution (so this correction is not very correlated
with the normalization), and we apply a Gaussian prior with a 5% error. Finally, the
uncertainty in the optical eciency aects the determination of the reconstructed energy,
so that a larger DOMe implies a shift to larger energies. For this nuisance parameter we
consider a at prior, which in practice equals to allow it to oat freely.
On the other hand, as we discussed above, the high-energy IceCube atmospheric neu-
trino sample cannot signicantly constrain the diagonal NSI parameter "0, so we constrain
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Figure 5. Posterior (68% and 95%) probability contours for the NSI parameters " and "
0 along
with several nuisance parameters, using the one-year through-going muon IceCube data [53]. On the
right panels, we also depict the one-dimensional posterior probability distribution of the parameter
corresponding to each column. In all the panels we also include the uncertainties on m231 and 23.
The SK bound reads [39],
j"0j = j"   "j < 0:049 ; 90% condence level (C.L.) ; (4.1)
and from gure 4 in ref. [39], we set the 1 C.L. prior on "0 to "0 = 0:040.
To quantitatively assess the power of the high-energy atmospheric neutrino one-year
IceCube data to constrain NSI in neutrino propagation in matter, we perform a likelihood
analysis using all the events in the data sample and characterizing each event by its recon-

















the Poisson probability of measuring Ndatai for the expected value N
th
i times the product
of Gaussian probabilities for the pulls of the nuisance parameters. The log-likelihood (up
to a constant) is given by






i ("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i (" ; "
0;) is the ex-
pected number of evens for a given value of the NSI (" and "
0) and nuisance ( 
fN; =K;;DOMe ;m231; 23g) parameters in the i-th bin, and Ndatai is the number of
data events in the same i-th bin. The index j corresponds to the nuisance parameters
with Gaussian prior (=K, , m231 and 23) and j is the Gaussian error. To compute
the likelihood for a given value of the parameters, we rst propagate the neutrino uxes
from the atmosphere to the detector for both neutrinos and antineutrinos, then we weigh
the events from the IceCube Monte Carlo with the propagated ux, which is a function
of the true neutrino energy E and the zenith angle z, and we construct two-dimensional
histograms as a function of the reconstructed variables: Erec and 
rec
z (20 energy and 20
angular bins). With this likelihood, we perform a Bayesian analysis using the MultiNest
nested sampling algorithm [109{111] in the NSI and nuisance parameter space. All the
parameters, together with their range of variation and the type of prior considered, are
summarized in table 1.
4.2 Current bounds
The results, using our default models for the primary cosmic-ray spectrum and hadronic
interactions, are shown in gure 5, where we depict the 68% and 95% credible contours
(posterior probabilities). Concerning the NSI parameter " , which is the main goal of this
paper, its correlation with the continuous systematic parameters we consider is small. This
is somehow expected, as in the O(TeV) energy range, the main signature of the presence
of matter NSI is via the distortion of the angular distribution of the atmospheric neutrino
events and all these systematics mostly aect the atmospheric neutrino energy spectrum,
modifying very little its angular distribution. Notice indeed that most of the parameters are
not much correlated among themselves, an exception being the pion-to-kaon ratio (=K)
and the ux normalization (N), which show a clear anticorrelation.
From this analysis, using the high-energy atmospheric neutrino IceCube data, we ob-
tain the most up-to-date bound on " ,
  6:0 10 3 < " < 5:4 10 3 ; 90% credible interval (C.I.): (4.3)
The interval is rather symmetric with respect to zero, as the NSI eects depend mainly on
"2 . Our result improves over the SK limit [39, 46],
j" j < 1:1 10 2 90% C.L. (SK) ; (4.4)
over the result of a preliminary analysis of three-year DeepCore data [49],














































Figure 6. Left panel: comparison of the 68% and 95% credible contours in the "   "0 plane
for our default analysis (lled blue regions) with those obtained when all nuisance parameters are
xed at their default values (red closed curves), see table 1. We also show the result expected
in the case of no NSI after 10 years of data taking (black closed curves), see section 4.3. Right
panel: posterior probabilities of " , after marginalizing with respect to the rest of parameters, for
the four combinations of primary cosmic-ray spectrum and hadronic models: our default choice,
HG-GH-H3a + QGSJET-II-4 (black solid curve); HG-GH-H3a + SIBYLL2.3 (red dashed curve);
ZS + QGSJET-II-4 (blue dot-dashed curve) and ZS + SIBYLL2.3 (green dotted curve).
and it is very similar to that obtained in ref. [41] using 79-string IceCube conguration and
DeepCore data,
  6:1 10 3 < " < 5:6 10 3 ; 90% C.L. (IC79 + DeepCore) ; (4.6)
although note that we have included a number of nuisance parameters not considered in
ref. [41].
To further assess the lack of correlation of " with the nuisance parameters and
the stability of our results with respect to their variation, in the left panel of gure 6
we overimpose the contours obtained when xing all nuisance parameters to their default
values (see table 1) to those shown in gure 5, where they are varied as described above. It is
clear that these systematics aect very little the nal bound on " , which gets modied as
  5:1 10 3 < " < 4:3 10 3 ; 90% C.I. (no systematic uncertainties) ; (4.7)
for the most optimistic case of not including systematic uncertainties in the analysis. This
is a more fair comparison with the results of ref. [41].
We also study the impact of using dierent primary cosmic-ray spectra and dierent
hadronic interaction models on our results. As discussed above, neutrino NSI in matter may
produce a suppression in the high-energy upgoing atmospheric muon data in IceCube, with
a characteristic angular dependence (and little energy dependence). Dierent combinations
of primary cosmic-ray spectrum and hadronic models imply slightly dierent angular dis-
tributions for the atmospheric neutrino ux and hence, potentially, they are an important
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Figure 7. Event spectrum: data points (black dots and error bars), expected results without
NSI (red solid histogram) and including NSI with " = 0:006 and "
0 = 0 (blue solid histogram).
The uncertainties due to the choice of the primary cosmic-ray spectrum and hadronic models are
represented by the width of the histograms.
the right panel of gure 6 we show the results for dierent choices of cosmic-ray spectra and
hadronic interaction models. We depict the posterior probabilities for " , marginalized
with respect to the rest of the nuisance parameters and "0, for each of the four possible
combinations. Indeed, the allowed range of " arising from our default combination of
models (HG-GH-H3a + QGSJET-II-4) turns out to be very similar to the resulting ones
from all possible combinations, whose bounds on " are:
 5:5 10 3 < " < 5:1 10 3 ; 90% C.I. (HG-GH-H3a + SIBYLL2.3) ; (4.8)
 6:0 10 3 < " < 5:1 10 3 ; 90% C.I. (ZS + QGSJET-II-4) ; (4.9)
 6:2 10 3 < " < 5:8 10 3 ; 90% C.I. (ZS + SIBYLL2.3) : (4.10)
Finally, in gure 7, we show the event spectrum, integrated in the entire interval
in reconstructed muon energy,3 as a function of cos recz . We show the histogram of the
detected through-going atmospheric muon events after one year (black dots), together with
their error bars and the expectation for the cases without NSI (red histogram) and when
NSI are included with " = 0:006 and "
0 = 0 (blue histogram). We indicate the uncertainty
due to the choice of the primary cosmic-ray spectrum and hadronic models by the width
of the histograms, although the variation is very small. In all cases we consider the best t
3As the eect of NSI, at high energies, depends very mildly on the reconstructed muon energy, varying

















values for the parameters. As discussed in previous sections, we see that the presence of NSI
implies a suppression of the atmospheric neutrino ux, and hence the observed through-
going muon spectra, for neutrinos crossing the core of the Earth, i.e., for cos z &  0:8.
All our results are summarized in table 2.
4.3 Forecast analyses
Finally, in order to assess the capabilities of the IceCube detector when using the high-
energy atmospheric neutrino data to constrain matter NSI, we perform two forecast anal-
yses for 10 years of simulated data. Therefore, we simulate 10 years of data and use the
same priors on all parameters as described above, except from m231 and 23 which we x
to their best t values and from "0 which we take "0 = 0:03, and our default combination of
primary cosmic-ray and hadronic interaction models (HG-GH-H3a + QGSJET-II-4). The
results are shown in gure 8 and in the left panel of gure 6.
On one hand, we simulate data assuming the case without NSI to be the true case
realized in Nature (blue contours). As expected from current bounds (see gure 5), the
systematics described by the nuisance parameters we consider do not play a signicant role
for future analyses, although some small correlations start to show up more clearly, which
partially limit the expected reach. After 10 years of collecting data, we would expect "
to be constrained in the interval
  3:3 10 3 < " < 3:0 10 3 90% C.I. (10-year forecast analysis). (4.11)
Note that, with a factor of 10 more statistics, the improvement in the limits on NSI will
be of about a factor of two. This can also be seen in the left panel of gure 6, where we
show the 68% and 95% credible contours in the "   "0 plane (black closed curves).
On the other hand, it is also interesting to consider the discovery potential in case of
the presence of matter NSI. In order to do this, we simulate 10 years of data including
NSI assuming that Nature has chosen " = 0:006 (which represents a value allowed by
current data with about 90% probability) and "0 = 0. As it is clear from gure 8, for this
large value of " (red contours), future IceCube measurements would be able to detect
the presence of matter NSI at a high signicance, although the quadratic " -dependence
of the eects would render impossible to determine the sign of " .
5 Summary and conclusions
The IceCube neutrino telescope, along with its low-energy extension DeepCore, is currently
the leading experiment to detect high-energy neutrinos. After a few years of operation,
statistics have been accumulated and a number of studies of atmospheric neutrinos have
been performed. Atmospheric neutrino ux measurements have been carried out in a wide
range of energies [112{117], low-energy atmospheric neutrino data have been considered to
constrain neutrino oscillation parameters to levels comparable to other neutrino oscillation
experiments [51, 52], low-energy data have also been used to set constraints on matter
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Figure 8. Posterior (68% and 95%) probability contours for two 10-year forecasts of high-energy
atmospheric neutrino data in IceCube. We show the results assuming the data corresponds to the
case without NSI (blue contours) and when the data includes NSI with " = 0:006 and "
0 = 0 (red
contours). On the right panels, we also show the one-dimensional probability distribution of the
parameter corresponding to each column. The atmospheric neutrino parameters m231 and 23 are

















neutrino anomalies [118{125], have been searched for with atmospheric neutrinos with
energies up to O(10 TeV) [53].
Although there are still unknowns within the standard picture of neutrino oscillations,
new interactions in the neutrino sector, driven by dimension six (or higher) operators,
could also give rise to sub-leading eects in neutrino production, propagation and
detection. In this work we have considered the high-energy atmospheric neutrino data
(previously used to search for sterile neutrinos in ref. [53]), i.e., high-energy through-going
muon events, to evaluate the impact of matter NSI in the neutrino propagation through
the Earth. Our analysis improves over previous analyses by using the latest relevant
data and including dierent sources of uncertainties not considered before and shows
that systematics aect very little the nal bound on " . In this regard, our analysis is
complementary to other studies in the literature, which focus on atmospheric neutrino
events at lower energies [34{39, 41, 44{46, 48, 49] and it improves over the analysis
performed in ref. [41] using the 79-string IceCube conguration.
We have rst reviewed the formalism of matter NSI, which is relevant for high-energy
atmospheric neutrinos (section 2). Although we have computed neutrino propagation in
a full three-neutrino framework taking into account Earth attenuation and degradation
in energy due to NC interactions, at the energies we consider, the description in terms
of a two-neutrino system represents a very good approximation, as the (mostly) e state
decouples. Therefore, we have described the main features within this approximation
as two-neutrino oscillations in the  -sector. We have illustrated the eect of avor
transitions, with and without NSI, and attenuation by depicting ratios of propagated to
unpropagated neutrino and antineutrino uxes (left panels of gures 1 and 2) and have
also isolated the eect of NSI by considering ratios of propagated uxes with and without
NSI (right panels of gures 1 and 2).
Then, we have briey described the high-energy upgoing muon sample used to perform
our analysis (section 3) and, to understand the features previously discussed at the level of
uxes, we have also studied their impact on the current observables, which cannot distin-
guish neutrinos from antineutrinos. In order to do so, we have simulated mock data and
have shown the dierence of expected number of events with and without NSI (left panel
of gure 3) and the statistical pulls of NSI eects (right panel of gure 3) as a function of
observables: reconstructed muon energy and zenith angle. As the energy dependence of the
NSI eects for neutrinos and antineutrinos either tend to cancel out (at low energies in our
sample) when both contributions are summed up, or are the same (at higher energies), the
dominant distortion of the total event spectrum occurs in the angular distribution (gure 4).
In the likelihood we dene to perform our statistical analysis (section 4.1), we have
also included several nuisance parameters to describe systematic uncertainties on the at-
mospheric neutrino ux, on the neutrino parameters and on the detector properties, and
have used a prior on the value of the diagonal NSI parameter "0 from SK measurements
(table 1). Our results (section 4.2) turn out not to be very correlated with any of the
continuous parameters we consider (gure 5) and we obtain a limit on the o-diagonal

















models HG-GH-H3a + QGSJET-II-4, is
  6:0 10 3 < " < 5:4 10 3 90% C.I. ; (5.1)
comparable to a previous analysis using the 79-string IceCube conguration [41].
This limit is very stable with respect to all the continuous nuisance parameters we
consider, which can be safely xed to their default values without aecting signicantly
the bound (left panel of gure 6). On the other hand, we nd the main source of systematic
uncertainties to lie in the choice of the combination of primary cosmic-ray and hadronic
interaction models (right panel of gure 6). This is explained by the angular dependence of
the event spectrum, which is slightly dierent for each of these combinations. We have also
shown this uncertainty by depicting the event spectrum with and without NSI (gure 7) as a
function of the zenith angle, accounting for the range of the four combinations we consider.
Finally, we have also performed a forecast with simulated data for 10 years in IceCube
(section 4.3) and noted that, although limits will not improve dramatically (within a factor
of two), in case of the existence of large NSI, consistent with current limits, IceCube high-
energy atmospheric neutrino data can establish its presence at high condence (gure 8).
Unveiling the values of the parameters of the neutrino sector with high precision re-
quires experimental setups that allow us to test dierent ranges of energies and baselines.
In particular, it requires high-precision measurements, sensitive to non-canonical, sub-
leading eects, as those caused by the potential existence of NSI. Neutrino telescopes as
IceCube are sensitive to a wide range of energies and baselines and provide an excellent
tool to explore possible new neutrino interactions beyond the standard neutrino oscillation
paradigm by means of high-energy atmospheric neutrinos. Higher statistics will allow us to
further test this scenario and in this regard, a future high-energy extension of the IceCube
detector [126] and the planned KM3NeT telescope [127] will have a crucial role.
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